Purpose. To investigate whether changes in physical activity (PA) have an impact on sedentary behavior (SB) during a lifestyle intervention.
PURPOSE
A sedentary lifestyle and physical inactivity are well-established risk factors for heart disease, cancer, and diabetes. [1] [2] [3] [4] [5] In light of these links to adverse health outcomes and the continued increase in the prevalence of overweight and obesity in the United States, sedentary behaviors have emerged as an important target for health promotion and for obesity and disease prevention efforts, [6] [7] [8] complementing long-standing efforts to increase levels of moderate-to-vigorousintensity physical activity (MVPA). [9] [10] [11] Despite calls to improve these health behaviors, U.S. adults average almost 8 h/d in sedentary behaviors, 12 and 26% report no leisure time physical activity (PA). 13 Few studies have examined the longitudinal relationship between objectively measured MVPA and sedentary behavior within the context of a lifestyle intervention trial. This relationship is important because health risk behaviors tend to co-occur and become more numerous as social disadvantage increases. 14, 15 Interde-pendencies among these bundled behaviors are poorly understood, making it difficult to know whether a lifestyle intervention that improves one risk behavior will have positive or negative effects on other behaviors in the bundle. 16 Sometimes the behavioral synergy is positive, as when reducing television watching also reduces the paired intake of high-calorie foods. 17 At other times, the synergy is negative, as when quitting smoking leads to overeating and weight gain. 18 In this study we examined whether an intervention designed to increase PA may produce the tag-along benefit of decreasing sedentary behavior and, likewise, whether an intervention designed to decrease sedentary behavior may synergistically increase PA. Such positive substitutive effects among clustered behaviors are predicted by behavioral choice theory. 19, 20 Conversely, if increasing PA causes fatigue that, in turn, has the unintended negative consequence of also increasing sedentary behavior, the health benefits of increased PA could be offset. Improving our understanding of the relationship between sedentary behavior and PA in an intervention designed to change these behaviors can help inform the design of lifestyle interventions so that increases in PA are not compensated for and undercut by increases in sedentary behavior.
There are a number of mechanisms that could drive the relationship between PA and sedentary behavior. One argument is that exercise participation may incidentally result in an increase in sedentary behavior by causing fatigue and reducing the drive to be active in nonexercise periods. 21 Another possibility is that adults who exercise regularly may generally have more energy, or have enhanced feelings of vigor, resulting in less sedentary behavior. 22, 23 These two arguments do not necessarily oppose one another, because adults who tend to be active and sit less overall may be more sedentary on days when they exercise more than usual. A third possibility is that greater exercise time may simply displace sitting time. 24 Several cross-sectional studies that have reported on the relationship between PA and sedentary behavior have used self-report measures and have found equivocal associations. [25] [26] [27] [28] A notable exception is Craft et al., 29 who used objectively measured data from accelerometers and found no differences in sedentary behavior between women who were active and those who were not. However, the cross-sectional designs of these studies do not provide information on the effect of changes in PA on sedentary behavior over time, as would be observed in an intervention study.
Studies examining the relationship between changes in PA and sedentary behavior in the context of an exercise intervention include Lee and King, 30 who investigated changes in sedentary behavior in two PA interventions among older adults based on a selfreported weekly activities questionnaire. In both interventions, they found no changes in sedentary behavior, even though participants in the PA conditions increased their MVPA. De Cocker et al. 31 found that intervention participants in a PA promotion trial who increased their pedometer step counts also significantly decreased their sitting time, although the decrease in sitting time-18 min/d-was not particularly large, and sitting time was assessed by self-report. Gilson et al. 32 found no changes in sedentary behavior (as measured by self-report) among participants randomized to a walking intervention. Similarly, KozeyKeadle et al. 33 also found no significant changes in sedentary time (measured using an activity monitor) in participants randomized to an exercise intervention. These results suggest that PA and sedentary behavior may be distinct behaviors with different determinants. 7, 34 The aim of the current study was to examine how changes in PA over time affect sedentary behavior in the context of an intervention study using a wearable accelerometer to estimate sedentary behavior and PA. Two hypotheses are tested: a between-subjects hypothesis and a within-subjects hypothesis. The between-subjects hypothesis is that individuals who are more active during the course of the study will be less sedentary. The withinsubjects hypothesis is that on days when individuals engage in more MVPA than usual (regardless of how active they tend to be overall), they will be more sedentary in order to compensate for the additional energy expenditure. Analyses are performed at the day level in order to investigate these hypotheses. Information from this analysis will help inform the designs of PA intervention studies. For example, if the association between time spent engaging in MVPA and sedentary behavior is negative or independent, then PA intervention studies may not need to be concerned with unintended increases in sedentary behavior. Conversely, if the association is positive, then studies may need to be designed that target both sedentary behavior and MVPA.
METHODS

Design
The data come from the Make Better Choices (MBC) study, a randomized lifestyle intervention of adults designed to test competing hypotheses about the optimal way to promote healthy lifestyle change among four risk behaviors: high saturated fat intake, low fruit and vegetable intake, low PA, and high sedentary leisure screen time behavior. These behaviors were chosen so that there were two eating behaviors and two activity behaviors; these behaviors were a combination of low-rate healthy behaviors (PA; fruit and vegetable consumption) and highrate unhealthy behaviors (sedentary behavior; saturated fat consumption). In the MBC study, sedentary leisure screen time behavior was defined as non-work-related sedentary behavior that took place in front of a screen (e.g., television, movies, recreational Internet use, and video games). Table 1 reports the baseline characteristics of the 204 participants of the MBC study. This was a relatively young, well-educated sample, consisting of mostly white and African-American women. Details on the design and methods of the MBC study can be found elsewhere. 20, 35 Briefly, adults ages 21 to 60 years from the Chicago area were recruited through community advertisements. To be eligible, individuals needed to self-report engaging in all four risk behaviors: (1) intake of fewer than five fruits/vegetables daily, (2) greater than 8% caloric intake from saturated fat, (3) less than 60 min/d of MVPA, and (4) greater than 90 min/d of sedentary leisure screen time behavior.
Sample
Candidates who self-reported all four risk behaviors were enrolled in a 2-week baseline phase in which they wore an accelerometer, recorded diet and activity on a handheld device, and uploaded their data daily. Those candidates who displayed all four risk behaviors, based on the handheld device and accelerometer results, were randomized (stratified by sex) into one of four treatment groups that targeted one activity behavior and one diet behavior: group 1, increase MVPA, decrease saturated fat; group 2, increase MVPA, increase fruits and vegetables; group 3, decrease sedentary leisure screen time, decrease saturated fat; and group 4, decrease sedentary leisure screen time, increase fruits and vegetables.
The 
Intervention
The intervention phase of the study was 3 weeks and consisted of decision support, remote behavioral coaching, and financial incentives to achieve the goals for the two targeted behaviors to which the participant was randomized: five fruit/vegetable servings, saturated fat intake of less than 8% of calories, MVPA of at least 60 min/d, or sedentary leisure screen time behavior of less than 90 min/d. Decision support consisted of a goal thermometer on the handheld device that displayed each participant's progress toward his or her goal for that day. Goals were based on self-reported behaviors and were daily in order to encourage realtime self-monitoring and awareness. 36 PA and sedentary behavior goals were based on self-report because the accelerometer technology at the time did not allow for real-time feedback via wireless transmission of data. The selfreported MVPA goal of 60 min/d exceeds that of PA guidelines and was chosen in recognition of the fact that participants tend to overestimate their PA. Had self-monitoring by accelerometer been possible, an MVPA goal closer to the recommended U.S. guideline of 30 min/d would likely have been chosen. 11 For the first week of treatment (week 3 of the study), daily goals were set midway between the baseline behavior and the ultimate daily goal. Participants were expected to reach their behavioral targets during week 4 and to maintain them during week 5. During the three treatment weeks, participants wore an accelerometer and communicated as needed with their coaches via telephone or e-mail, per preference, to overcome challenges. Some common challenges for participants randomized to decrease sedentary behavior included not knowing how to relax/reduce stress without television. Common challenges for those randomized to increase MVPA included exercising in very hot or very cold weather. Participants could earn a $175 incentive for meeting the goals for both targeted behaviors during the treatment phase.
For the purposes of this paperwhere the focus is on MVPA and sedentary behavior-treatment groups 1 and 2 are combined into an increase PA (iPA) group, and treatment groups 3 and 4 are combined into a decrease sedentary leisure screen time behavior (dSED) group. It should be noted that although participant goals were based on their own self-reported behaviors, all of the analyses reported in this manuscript use results from the accelerometer.
Measures
Activity Monitor. MBC participants wore an Actigraph accelerometer (model 7164; Actigraph LLC, Pensacola, Florida) throughout the 2-week baseline phase and the 3-week treatment phase. This uniaxial Actigraph measures and processes vertical acceleration as counts, providing an indication of the amount and intensity of PA. 37 Data were recorded in 1-minute epochs. The Actigraph 7164 has been validated for the measurement of both sedentary behavior and PA. 12, 38 Participants were instructed to secure the accelerometer to their waist with an adjustable belt worn over or under clothing from the time they woke up until bedtime, and to take it off during water-based activities (e.g., bathing, swimming).
Data Reduction and Determination of Sedentary Behavior and PA. Nonwear time was defined as intervals of at least 60 consecutive minutes of zero counts, with allowance for up to 2 consecutive minutes of observations of 1 to 100 counts per minute. Periods of nonwear were defined as ending when count levels exceeded 100 counts per minute or when 3 consecutive minutes of observation were between 1 and 100 counts per minute. Wear time was determined by subtracting nonwear time from 24 hours. A day was considered a ''valid monitoring day'' if daily wear time exceeded 10 hours. 39 Bout-corrected MVPA, rather than total MVPA, is the PA outcome measure because sustained MVPA was the targeted behavior of the iPA group, and federal PA guidelines state that MVPA should be accumulated in bouts of at least 10 minutes in order to qualify toward the goal of 150 min/ wk.
11 Using cut-points developed by Freedson et al., 38 daily minutes of boutcorrected MVPA were calculated as the number of accelerometer counts greater than 1951 counts per minute that occurred in bouts of 10 consecutive minutes or more, with allowance for 1 to 2 minutes of counts below 1951 counts per minute. 40 Daily time spent in sedentary behavior was estimated as the amount of time accumulated below 100 counts per minute during periods when the monitor was worn. 
Analysis
The first analysis assessed the effect of the MBC intervention on both sedentary behavior and MVPA separately. These analyses used linear mixed-effects models 41 where the outcome was either daily minutes of boutcorrected MVPA or daily hours of sedentary behavior as measured by the accelerometer. Fixed effects included an indicator variable for the first week of treatment, an indicator variable for the last 2 weeks of treatment, and their interaction with the iPA condition. Models controlled for weekend, accelerometer wear time, gender, and age. To account for correlated observations on the same subject, random intercept and time effects were included in the models. In these models, the focus of inference is on the fixed time effects, which measure change from baseline, and also the fixed time by treatment interaction terms, which measure the difference in change from baseline between the two treatment groups.
The second set of analyses investigated how daily changes in MVPA affect daily amounts of sedentary behavior. Here, the dependent variable was daily minutes of sedentary behavior, and we used linear mixed-effects models controlling for weekend, accelerometer wear time, gender, and age. Daily MVPA was a covariate in this model that was decomposed into between-subject and within-subject effects, 42 namely,
where MVPA ij is the MVPA for person i on day j, and MVPA i is the average MVPA for person i within a treatment phase (baseline, week 3, or weeks 4-5 Table 1 , during the 2-week baseline period the average number of hours of sedentary behavior was 9.1 h/d. Average total MVPA was 33 min/d, and bout-corrected MVPA averaged 11 min/d. Table 2 shows accelerometer metadata based on days when the accelerometer was worn for 10 or more hours. Compliance was good, with participants wearing the device 5 to 6 days of the week (including at least one weekend) throughout the study. Average wear time was approximately 14 h/d. Table 3 displays estimated mean bout-corrected MVPA (min/d) and sedentary behavior (h/d) based on the linear mixed-effects models. These models control for wear time, weekend day, gender, and age, so that the results at baseline are slightly different from those reported in Table 1 . Examining the results for bout-corrected MVPA, participants in the dSED condition increased their minutes of bout-corrected MVPA between baseline and week 3 by 1 minute (ns), whereas those in the iPA condition increased their minutes of bout-corrected MVPA by 11 minutes (p , .001). The difference in change scores between the two treatment groups at week 3 was significant (p , .001). By the end of the intervention period, participants in the dSED condition still had not significantly changed their bout-corrected MVPA, whereas those in the iPA condition had increased their MVPA from baseline by 14 min/d (p , .001). The difference in change scores be- tween baseline and the end of treatment remained significantly different between the two treatment groups (p , .001).
RESULTS
As shown in
Looking at the results for sedentary behavior in Table 3 , participants in the dSED condition decreased their hours of sedentary behavior between baseline and week 3 by .1 hours, approximately 6 minutes (ns), whereas those in the iPA condition decreased their minutes of sedentary behavior by .3 hours, approximately 18 minutes (p , .001). The difference in change scores between the two treatment groups was not significant (p ¼ .2). By the end of the intervention period, participants in the dSED condition still had not significantly changed their sedentary behavior, whereas those in the iPA condition had decreased their sedentary behavior from baseline by approximately 18 min/d (p , .001). The difference in change scores between baseline and the end of treatment was not significantly different between the two treatment groups. Table 4 reports the results of the analyses examining the effect of MVPA on sedentary behavior. When fitting the model that decomposed MVPA into between-and within-subject effects as in Equation 1 , the regression coefficients on these two effects were not significantly different from one another (p ¼ .26). Therefore, reported are the results of a model that only uses bout-corrected MVPA in its raw form as a covariate.
The regression coefficient for minutes of MPVA bouts in Table 4 is equal to À.6. Thus, on a given day, each additional 10-minute bout of MPVA was associated with a 6-minute decrease in sedentary behavior on the same day (p , .001). Weekend, wear time, female gender, and age were also significant, as they were in the models reported in Table 3 . Sedentary behavior was lower on weekends and among women. Daily sedentary behavior increased by 40 minutes for each additional hour of wear time and decreased by about 2 minutes per each additional year of age.
DISCUSSION
This study investigated the effects of a lifestyle intervention on MVPA and sedentary behavior using data from 204 ethnically diverse men and women who wore an accelerometer for 5 weeks. Those participants randomized to the iPA condition significantly increased their bout-corrected MVPA and significantly decreased their sedentary behavior. Participants randomized to the dSED condition did not significantly change either behavior. There was a significant difference in MVPA change scores between the iPA and dSED conditions but no significant difference in sedentary behavior change scores between the two conditions. The difference in sedentary behavior change scores was small, and this between-subjects comparison is less powerful than comparisons within a treatment condition.
We found that on a given day, there is a significant inverse relationship between MVPA and sedentary behavior such that an increase in MVPA is associated with a decrease in sedentary behavior. Thus, the data support the notion that increasing MVPA does not increase time spent in sedentary be- Baseline (2 wk havior. This is the largest study that we are aware of to investigate the longitudinal relationship between PA and sedentary behavior in an intervention setting, using accelerometer-based measures to estimate sedentary time and PA. The analysis that treated MVPA as a covariate in the model predicting sedentary behavior sheds some light on why those participants in the iPA condition were able to change both behaviors even though sedentary behavior was not targeted by the coaches. On a given day, for every additional 10-minute bout of MVPA, sedentary behavior decreased by 6 minutes. Thus, there is tradeoff between MVPA and sedentary behavior. This is counter to the hypothesis that the relationship between these two behaviors would move in the same direction. It had been hypothesized that on days when participants exercised more, they would also sit more in order to compensate for the additional energy expenditure. Instead, we observed a tradeoff that suggests that participants found the additional time to exercise by taking away from time that they had previously spent engaged in sedentary behavior, an optimal outcome for health.
Although the change in sedentary behavior among participants in the iPA condition was significant, the amount of change itself was relatively minor compared with the total daily sedentary time, amounting to only an 18 min/d decrease from the 9 h/d observed at baseline. Nevertheless, recent findings indicate that reallocating time spent sedentary to MVPA is the most potent health-enhancing behavior in terms of reducing CVD risk biomarkers, with 2% to 25% improvement per 30 minutes of reallocation. 43 These cardioprotective effects may derive both from the beneficial effects of increasing MPVA and from reducing the adverse effects of prolonged sedentary time. Notably, it was only the iPA intervention that produced beneficial effects on both outcomes. The dSED intervention, in contrast, did not significantly change either sedentary time or MVPA. An alternative and feasible approach to PA intervention that is attracting attention is to increase light-intensity PA. 44, 45 In addition to having potential direct beneficial effects on cardiovascular health, light-intensity PA covaries inversely with sedentary time, such that light activity usually displaces sedentary behavior.
Although the MBC study consisted of four treatment groups, for our analyses we collapsed over the diet conditions so that we only had two treatment groups: dSED and iPA. To investigate whether the dietary components of the study interacted with the activity components, we conducted a sensitivity analysis that included all four treatment groups rather than collapsing over the two dietary groups. For the analyses of sedentary behavior, there were no significant interactions between the diet and activity groups. That is, change in sedentary behavior at week 3 and at the end of treatment did not differ based on the targeted dietary behavior. For the analyses of MVPA, change in the dSED group at week 3 and at the end of treatment did not differ significantly by diet group. In the iPA group there was no significant difference in change scores by diet group at week 3, but there was a 6-minute difference in change from baseline between the increase fruits and vegetables group (11-minute increase) and the decrease saturated fat group (17-minute increase). With only one significant small difference across the two activity behaviors and two follow-up time points, we chose to continue using the collapsed treatment groups but note that this interaction between a targeted unhealthy eating behavior and a targeted healthy activity behavior is an area worthy of further investigation.
We also investigated several additional models that looked at the relationship between sedentary behavior and MVPA by treatment group and time, and we found that this relationship did not differ by treatment group, nor did it change over time. These results suggest that participants in an intervention study obtain time for MPVA by reducing sedentary behavior and that they continue to do so at the same rate even when their levels of MPVA increase.
The current study has several limitations that should be noted. A cutpoint of 100 counts per minute was used to define sedentary behavior. Although this is the standard accelerometer criterion for defining sedentary behavior, 12 it has been noted that the 100 counts per minute cut-point may underestimate sedentary behavior and miss changes in sedentary behavior. 46 Also, MBC participants in the dSED condition were instructed to decrease specific discretionary leisure sedentary screen time activities (e.g., watching TV, playing video games) rather than total sedentary time. This intervention approach was adopted to avoid interfering with necessary or valuable work, school, or social activities, and discretionary leisure screen time was considered a high-prevalence unhealthy behavior with less value to the participant than non-screen time sedentary behavior. Participants in the dSED condition could, without penalty, replace sedentary leisure screen time behaviors with nonscreen activities, such as reading a book or talking on the phone. Based on self-report, participants in the dSED condition did significantly decrease time spent in targeted sedentary leisure screen time. 35 However, the accelerometer was unable to detect this change because it could not distinguish between leisure screen time and other voluntary sedentary behaviors, such as reading. As a result, the analyses of accelerometry-derived activity measures reported here were only able to detect the effect of the interventions on total sedentary time rather than the targeted outcome (sedentary leisure screen time behavior), and the analyses were only able to determine the relationship between MVPA and total (rather than leisure screen time) sedentary behavior. A final limitation is the short-term nature of the MBC study. It is not clear how the relationship between MVPA and sedentary behavior might change over a longer intervention or after the end of active treatment.
The fact that an exercise intervention did not cause participants to sit more is encouraging and suggests that the effectiveness of an exercise intervention on improved health is not necessarily compromised by a compensatory increase in sitting. Instead, increases in PA resulted in a decrease in sedentary behavior, likely due to a reallocation of the time spent in the two categories of activity behaviors. Additional studies extending the present results to other populations (children, older people, overweight/obese) would strengthen the conclusions of this study. It would also be of value to understand the relationship between PA and sedentary behavior when both behaviors are targeted for intervention at the same time. Because intervening to increase MVPA does not result in a substantial reduction in total time spent sedentary, even though it might selectively decrease unnecessary sitting, separate simultaneous interventions designed to decrease sedentary time are warranted.
SO WHAT? Implications for Health Promotion Practitioners and Researchers
What is already known on this topic?
A sedentary lifestyle and physical inactivity are well-established risk factors for heart disease, cancer, and diabetes. The few studies that have examined the relationship between PA and sedentary behavior have found equivocal associations. These studies were mostly cross-sectional and used self-reported measures. It was unknown whether an intervention designed to increase PA will result in an increase in sedentary behavior or whether it will produce the complementary benefit of a decrease in sedentary behavior.
What does this article add?
This study examines how changes in physical activity over time affect sedentary behavior in the context of a longitudinal intervention study. Physical activity and sedentary behavior were measured objectively, using wearable accelerometers. Increases in physical activity were associated with small but significant decreases in sedentary behaviors. What are the implications for health promotion practice or research?
The results suggest that the effectiveness of an exercise intervention on improved health will not necessarily be compromised by a compensatory increase in sitting. Interventions that seek to change both sedentary behavior and physical activity may need to target both behaviors.
